Introduction {#section1-1179069519849935}
============

Interest in the molecular mechanisms involved in the progression of traumatic brain injury (TBI) to end-stage disease of chronic traumatic encephalopathy (CTE), diagnosed at postmortem, has increased as a result of the significant numbers of athletes and military personnel exhibiting signs of cognitive deficits and behavioral disabilities at an early age (second to fourth decade of life).^[@bibr1-1179069519849935][@bibr2-1179069519849935]--[@bibr3-1179069519849935]^ TBI is the diagnosis given when the living patient presents with clinical signs following closed or penetrating head injuries from forceful head and abdominal impacts.^[@bibr1-1179069519849935],[@bibr4-1179069519849935][@bibr5-1179069519849935][@bibr6-1179069519849935]--[@bibr7-1179069519849935]^ Our consideration will focus on closed head injuries. Chronic traumatic encephalopathy, on the other hand, is the end-stage manifestation of TBI as determined from postmortem studies on brain tissue.^[@bibr2-1179069519849935],[@bibr8-1179069519849935][@bibr9-1179069519849935][@bibr10-1179069519849935][@bibr11-1179069519849935]--[@bibr12-1179069519849935]^

Although TBI may occur as a result of a single forceful impact, the primary initiators of TBI are most often repetitive forceful impacts and subsequent rapid deceleration of the head and abdomen. There is a clinically significant variation in the symptomatic development of TBI due to external factors, such as the magnitude of the force of the impact, the number of such impacts, and the interval between these impacts.^[@bibr1-1179069519849935],[@bibr2-1179069519849935],[@bibr8-1179069519849935],[@bibr11-1179069519849935],[@bibr13-1179069519849935]^ Earlier reports from our laboratory indicate that the development of persistent TBI results from an interaction between intrinsic vulnerability factors of the host to brain injury and the external forces acting on the head and abdomen.^[@bibr14-1179069519849935],[@bibr15-1179069519849935]^ The internal susceptibility factors include a predisposition of the host to autoimmune disease,^[@bibr7-1179069519849935],[@bibr14-1179069519849935]^ arteriovenous malformations, the degree of neuronal connectivity of the brain as indicated by fractional anisotropy determined from magnetic resonance imaging (MRI) studies,^[@bibr16-1179069519849935]^ as well as the metabolic oxidative capacity of the brain.^[@bibr17-1179069519849935],[@bibr18-1179069519849935]^

With repetitive non-penetrating forceful impacts on the head and abdomen, the clinical signs of confusion, vestibular imbalance, photophobia, loss of focus, and situation awareness increase markedly over a period of 10 to 20 years.^[@bibr11-1179069519849935],[@bibr12-1179069519849935],[@bibr19-1179069519849935]^ The clinical signs include dementia, mood instability in the form of rage, anger, and depression, which become dominant factors in the patient's ability to function socially.^[@bibr1-1179069519849935],[@bibr3-1179069519849935],[@bibr12-1179069519849935],[@bibr19-1179069519849935],[@bibr20-1179069519849935]^

Studies on animals which experienced forceful head and abdominal impacts reveal a series of physiological changes including the release of macrophages and leukocytes from the spleen,^[@bibr7-1179069519849935],[@bibr21-1179069519849935],[@bibr22-1179069519849935]^ increased permeability of the blood-brain barrier (BBB),^[@bibr23-1179069519849935],[@bibr24-1179069519849935]^ entry of the splenic cells into the brain parenchyma, release of gamma interferon from microglia (an inflammatory marker), and the subsequent marked increased expression of human leukocyte antigen (HLA)/major histocompatibility complex (MHC) markers on neurons and glial cells, resulting in the silencing and death of the nerve cells.^[@bibr25-1179069519849935],[@bibr26-1179069519849935]^ At the time of the impact, increased shearing force at the base of the sulci causes injury to the membranes of the neuronal and glial cells. This results in the leakage of proteins from these cells into the cerebrospinal fluid and serum, thereby causing the body to produce an immune response to the released neural proteins. The repetition of such forceful impacts causes an anamnestic response to the neural antigens that are not present in other organ systems. This anamnestic response entails the generation of antibodies against self proteins (eg, glial fibrillary acid protein, neuron-specific enolase, S-100, myelin basic protein, and neurofilament proteins, among others). The increased permeability of the BBB also results in an inflammatory response to the injury following forceful impacts to the head and abdomen.^[@bibr14-1179069519849935],[@bibr26-1179069519849935]^

Studies of the pathology of end-stage TBI^[@bibr8-1179069519849935],[@bibr11-1179069519849935],[@bibr27-1179069519849935]^ have identified several characteristics that define the postmortem state of the brain. One of the most prominent signs is an accumulation of a protein, tau protein, involved in stabilizing the structure of microtubules of neurons. There is a marked increased expression of a second protein, HLA/MHC, on neural cells resulting from inflammatory responses by microglia and the release of gamma interferon.^[@bibr25-1179069519849935],[@bibr26-1179069519849935],[@bibr28-1179069519849935]^ The tau protein is a microtubule-associated protein (MAP tau) that binds the tubulin protein components of the microtubules and thereby maintains the stability and structure of the tubules. These tubules serve as pathways for the transport of macromolecules from the cell body to the distal parts of the neuron (dendrite and axon terminals).^[@bibr29-1179069519849935]^

With the observation that there are marked increases in MHC levels and tau levels in neural cells observed in postmortem tissue from patients diagnosed with CTE, the question arose whether these 2 proteins interact with each other in vivo and through this interaction lead to increased deposition of tau on the cell surface and within the affected cells.^[@bibr19-1179069519849935]^ To answer this question, the major insight in developing the proposed model was the recognition that electrostatic forces (Coulombic forces) are the major driver in protein-protein interactions. The mechanism by which structural changes in the brain resulting from TBI transition to those characteristics of the postmortem brain seen in end-stage disease (ie, CTE) is the focus of this article.

Method of Analysis {#section2-1179069519849935}
==================

It has been demonstrated that polar group interactions are the primary force leading to stable interactions between 2 proteins.^[@bibr30-1179069519849935],[@bibr31-1179069519849935]^ Xu et al described a positive and significant correlation between binding affinity and the number of ionic interactions at the interface of 2 interacting proteins. A measure of this attraction between oppositely charged ions is that the ionic (Coulombic) forces diminish as a function of the square of the distance between the charges, whereas van der Waals forces diminish as a sixth power of the distance (magnitudes weaker per dipole). There is significant literature demonstrating the interaction of cells with polyelectrolyte polypeptides.^[@bibr32-1179069519849935][@bibr33-1179069519849935]--[@bibr34-1179069519849935]^ As a result of this background, the authors explored whether there were strong ionic pairings identifiable on class I MHC and tau protein. The amino acid sequences of tau^[@bibr35-1179069519849935]^ and of HLA class I/MHC^[@bibr36-1179069519849935]^ are known. Upon inspection of the amino acid sequences of these 2 proteins, the authors identified a 40-amino acid sequence on each of these 2 proteins that had 10 ionic amino acid pairs that could be aligned to form a strong protein-protein coupling. The alignment was facilitated by the recognition that there were 3 adjacent anionic amino acids (glutamate, aspartate, glutamate) on tau protein (positions 115, 116, 117) that could bind to 3 cationic amino acids (arginine, lysine, lysine) on HLA class I C positions (65, 67, 68) as shown in [Figure 1B](#fig1-1179069519849935){ref-type="fig"}. The remaining 7 ionic pairs were readily identified from the known amino acid sequences of these proteins. The binding site of the MHC class I was on the extracellular surface of the cell toward the amino terminal end. The binding sequence of the tau protein was also toward the amino terminal end of that protein.

![(A) Illustration of neural membrane with low levels of HLA class I C expression. The HLA protein is depicted in white, the tau protein in black, and the membrane bilayer in orange. Tau has 2 sites that serve in binding other tau (yellow) and (blue). (B) Illustration of a neural membrane with high levels of expression of HLA class I C resulting from interferon gamma release from microglia. As a result of high HLA expression, the tau protein binds at a fixed height above the membrane, permitting binding of large amounts of tau to HLA and close proximity of tau to form cross-links with other tau. The cross-linked tau form a web-like structure seen in tauopathy. The 2 sites of cross-linking are differentiated using colors as shown. In addition, the 40-amino acid sequence that engages in electrostatic interactions between the HLA class I C and tau is shown in the inset. The 10 electrostatic interactions between amino acid pairings are highlighted with solid lines as shown. The positions of the amino acids on both the N- and C-terminal regions are presented. In the area of the HLA and tau interaction, the amino proximate end and the carboxy end are shown. Blurred HLA/tau represent these molecules at a plane further from the leading membrane edge. The HLA and tau proteins are depicted in a linear form rather than in alpha helical or beta pleated sheet conformation. HLA indicates human leukocyte antigen.](10.1177_1179069519849935-fig1){#fig1-1179069519849935}

Results {#section3-1179069519849935}
=======

Binding of the tau protein to the HLA class I C and the HLA class II DR beta {#section4-1179069519849935}
----------------------------------------------------------------------------

The amino acid sequence of HLA class I has been described by Reche and Reinherz,^[@bibr36-1179069519849935]^ whereas the sequence of tau protein has been described by Kolarova et al.^[@bibr35-1179069519849935]^ We propose that there is a 40-amino acid sequence on the HLA class I C that binds to a 40-amino acid sequence on the tau protein via the electrostatic binding of 10 amino acid binding pairs. These electrostatic interactions are located with the amino acid positions 50 to 90 of the HLA class I sequence, and the amino acid sequence from 93 to 133 of the tau protein. This is illustrated in [Figure 1](#fig1-1179069519849935){ref-type="fig"}. [Figure 1A](#fig1-1179069519849935){ref-type="fig"} illustrates the condition of low HLA expression present prior to inflammatory events associated with TBI. In this case, the tau proteins bound to HLA are too distant to form cross-links. [Figure 1B](#fig1-1179069519849935){ref-type="fig"} illustrates the condition following repetitive forceful head impacts leading to inflammatory responses and the subsequent high expression of HLA, thereby bringing the bound tau proteins into close proximity where they become cross-linked. It is important to note that the 2 6-amino-acid-long cross-linking sites on tau protein (Val, Gln, Ileu, Ileu, Asn, Lys) and (Val, Gln, Ileu, Val, Tyr, Lys) that leads to the formation of tau microfibrils^[@bibr37-1179069519849935]^ are located at amino acid positions 275 to 280 and 306 to 311, respectively.^[@bibr38-1179069519849935]^ The binding site of the tau to the HLA class I is therefore approximately 140 amino acids distant from the cross-linking sites of the tau protein. The cross-linking sites within tau are approximately 30 amino acids apart. As a result of the binding of HLA to the planar surface of the neuronal membrane, there is a fixed alignment of HLA to tau. Steric hindrance does not impede the interactions of tau with HLA class I because there is a constant distance between the binding site of tau to HLA and the 2 cross-linking sites of tau. The HLA is attached to the membrane through a 20-transmembrane amino acid sequence. This consistent alignment between adjacent tau proteins, in addition to the close proximity between tau as a result of an increase in membrane-bound HLA expression, results in the formation of intricate tau microfibril formations, the primary clinical feature of tauopathy. This linear orientation of the binding of tau to HLA class I C, as well as the tau-to-tau interaction in microfibril tangles, is illustrated in [Figure 1B](#fig1-1179069519849935){ref-type="fig"}.

In addition, there is a 29-amino acid sequence on the HLA class II DR beta that can bind to a 29-amino acid sequence on the tau protein through ionic pairs. The HLA DR sequence^[@bibr39-1179069519849935]^ extends from amino acid position 65 to position 94, whereas the tau sequence is from position 93 to 122. The 3 adjacent anionic amino acids on tau (positions 115, 116, 117) are bound to 3 adjacent cationic amino acids (arginine, lysine, arginine) of HLA class II DR at positions 70, 71, and 72. In this domain of 29 amino acids, there are 7 electrostatic binding pairs that provide significant orientation of the tau protein on the membrane surface. The portion of the HLA that binds the tau is on the extracellular surface of the neuronal membrane. This location enables the binding of the extracellular tau^[@bibr40-1179069519849935],[@bibr41-1179069519849935]^ to the HLA extracellular domain.

Endocytosis of HLA/tau complexes {#section5-1179069519849935}
--------------------------------

It has been demonstrated that the clustering of class I MHC/HLA on cell membranes leads to endocytosis of the HLA-bound sites and ultimate fusion of the membrane vesicles with lysosomal bodies and endoplasmic reticulum.^[@bibr42-1179069519849935]^ The induced clustering of HLA class II DR also leads to endocytosis of the HLA on the membrane into intracellular vesicles.^[@bibr43-1179069519849935]^ As a result of this mechanism, the authors postulate that the cell-surface-bound tau protein and the intracellular accumulation of tau protein observed in TBI and CTE result from the binding of extracellular tau to the HLA/MHC and subsequent endocytosis of the HLA clusters. Electron microscopic studies have demonstrated the accumulation of microfibrillary tau and phosphorylated tau in intracellular compartments within neural cells.^[@bibr19-1179069519849935],[@bibr43-1179069519849935],[@bibr44-1179069519849935]^ Such cross-linking also precludes the recycling of the HLA region back to the membrane.^[@bibr45-1179069519849935]^ The cross-linked tau stabilizes the tau within the endoplasmic reticulum and lysosome and diminishes the recycling of the HLA vesicles with the plasmalemma.^[@bibr45-1179069519849935]^ The transition of TBI to CTE is proposed here to result in the increased expression of HLA and tau protein complexes and the accumulation of HLA/tau complexes in neural cells. This increased accumulation of fibrillar aggregates that block recycling and are resistant to protease degradation in cells leads to cell dysfunction and death over protracted time periods. The phenomenon can be visualized as a tau storage disease, analogous to lipid storage disease such as Tay-Sachs disease.^[@bibr46-1179069519849935]^

Summary {#section6-1179069519849935}
=======

A mechanism that describes the progression of TBI to end-stage CTE is offered in this article. This mechanism is based upon the observed increase in the concentration of tau protein and of HLA class I proteins; the increased HLA is expressed on the cell membrane of neural cells. These events follow the inflammatory responses caused by the repetitive TBI. The impact-induced shear, at the gray matter interface with the white matter, increases microbleeds that are detected as hematin deposits. The associated inflammatory changes include macrophage entry into the brain parenchyma from increased permeability of the BBB and microglial activation at the base of the sulci. The release of interferon gamma from the microglia and macrophages induces the marked increased expression of HLA class I proteins by the neural cells and subsequent redistribution of the tau proteins to the glial and neuronal surface. In those individuals with highly expressed HLA class I C, the high level of HLA binds tau protein electrostatically. The ionic region of HLA class I C (amino acid positions 50-90) binds to the oppositely charged ionic region of tau (amino acid positions 93 to 133). These interactions thereby shift the cellular localization of the tau and orient the tau spatially so that the cross-linking sites of tau (275-280 and 306-311) are aligned. This alignment facilitates the cross-linking of tau to form the intracellular and extracellular microfibrils of tau, the primary physiological characteristic of tauopathy. Following endocytosis of the membrane HLA/tau complex, these microfibrils accumulate and produce a tau-storage-like disease. Therefore, tauopathy is the secondary collateral process of brain injury, resulting from the substantial increase in HLA expression on neural cells. The proposed mechanism provides several potential targets for mitigating the clinical progression of TBI to CTE.
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